Introduction
============

There is a well-established dichotomy in the clinical effects of nicotine. On the one hand, it can cause chemical dependence with detrimental health consequences ([@bib39]). On the other hand, it is a cognitive enhancer with potential for treating symptoms of major psychiatric disorders such as schizophrenia ([@bib17]). Extensive work continues to inform us about mechanisms underlying nicotine's reinforcing properties ([@bib12]; [@bib31]), but less is known about mechanisms that subserve nicotine's cognitive-enhancing effects. Understanding the latter is critical for developing nicotinic cognitive agents devoid of addictive properties.

Sustained attention performance, which relies on neuronal activity in medial prefrontal cortex (mPFC) subregions ([@bib49]), is improved by repeated exposure to nicotine or selective nicotinic receptor agonists ([@bib28]; [@bib32]; [@bib45]). Attentional impairment is a hallmark of several psychiatric disorders including schizophrenia ([@bib25]) and nicotinic receptor activation has been suggested as a therapeutic option for these impairments ([@bib17]). Understanding how nicotine alters brain activity and behavior across multiple treatments is critical for determining an optimal therapeutic schedule that supports mPFC-mediated cognition.

The procognitive effects of nicotine may be related to neuronal ensemble modulation in the mPFC. Gamma band local field potentials (LFPs) reflect network synchrony as determined by the balance between excitatory and inhibitory activity within a region ([@bib47]; [@bib50]). Gamma oscillations coordinated by fast-spiking interneurons (FSIs) in mPFC are required for attentional processing, and increased gamma oscillations improve attention ([@bib26]). Additionally, aberrant gamma oscillations have been proposed as a biomarker for cognitive deficits in schizophrenia ([@bib50]). This possibility is supported by reduced gamma band activity in the mPFC of individuals with schizophrenia during attention tasks ([@bib15]). Nicotine affects gamma oscillations in hippocampus in slice ([@bib53]); however, the effects of nicotine on mPFC gamma and other LFP frequency bands remain unclear.

Here, we investigated the impact of acute and repeated nicotine on mPFC neuronal activity and locomotion by recording LFP and single units in behaving animals. We discovered that repeated nicotine selectively strengthens gamma oscillations in correlation with behavioral sensitization. Because gamma oscillations are associated with enhanced attentional capacity, we performed a follow-up behavior study and found that repeated nicotine also strengthens attention. These data support the notion that the procognitive effects of nicotine may require extended exposure in order to produce oscillatory plasticity in the mPFC.

Materials and methods
=====================

Subjects
--------

Adult male Long-Evans rats (\~85--90 postnatal days) were used and housed in reverse light/dark cycle (lights on at 1900 hours). Data collection was performed during the wake hours (dark cycle). All procedures were in accordance with the National Institute of Health's *Guide for the Care and Use of Laboratory Animals*, and were approved by the University of Pittsburgh's Institutional Animal Care and Use Committee.

Nicotine Dosing
---------------

Nicotine hydrogen tartrate salt (Sigma-Aldrich, USA) was dissolved in saline. An intraperitoneal (i.p.) dose of 0.2 mg/kg was administered for five consecutive days ([Figure 1](#fig1){ref-type="fig"}), followed by a nine-day washout period, and a final dose on day 10 (referred to as the 'late' session; [Figure 1](#fig1){ref-type="fig"}). This commonly used dose of nicotine was used because it influences brain oscillatory activity as measured by EEG ([@bib14]) and produces behavioral sensitization after repeated dosing ([@bib13]). This dose is less than the standard nicotine dose in a patch, greater than the amount in a single piece of gum, and comparable to half a pack of cigarettes, although the rate and success of absorption differs substantially between i.p. injections and these other routes of administration ([@bib8]).

Electrophysiology in Behaving Rats
----------------------------------

Electrophysiology and surgical methods were similar to that described before ([@bib24]; [@bib56]). Electrodes (eight 50 μm wires) were bilaterally implanted in the prelimbic region of the mPFC (+3.0 mm AP, ±0.6 mm ML, −3.2 mm DV) in 15 rats. Recording sessions began after at least five days of recovery. A unity-gain headstage (Plexon, USA) connected to a motorized commutator was used to allow free movement ([Figure 1](#fig1){ref-type="fig"}). The electrophysiological signal was amplified and filtered for LFP (0.7--300 Hz bandpass) and single-unit activity (150--8000 Hz) via an OmniPlex acquisition system (Plexon). Spikes were sorted using Offline Sorter (Plexon). A recording session included a 30 min baseline, i.p. saline+30 min post-saline, followed by i.p. nicotine+60 min post-nicotine. Locomotor activity was tracked throughout. At the termination of each experiment, animals were anesthetized with chloral hydrate and perfused with saline and 10% formalin. Brains were sectioned and Nissl stained to confirm electrode placements.

Visual Attention Task
---------------------

Visual attention performance (adapted from [@bib33]) in response to the same 5-day regimen of nicotine (0.2 mg/kg) was tested in a separate cohort. Rats were food restricted to 90% of free feeding weight. After habituation to the operant chamber (30 × 30 × 25 cm; Harvard Apparatus, USA) and fixed ratio 1 operant training, the visual attention task began with presentation of either a 1 s light cue or no cue and, after a 1 s delay, both ports were lit. A poke into the left port after a cued trial was rewarded with pellet delivery and food trough illumination, followed by an intertrial interval (ITI) of 12±3 s. A poke into the right port after a cue was scored as an incorrect trial and triggered the ITI. In non-cued trials, a poke into the right port was reinforced with a pellet, while the left port triggered the ITI ([Figure 1](#fig1){ref-type="fig"}). Cue-side pairings were counterbalanced across subjects. Failing to respond within 3 s caused termination of port lights, and the trial was scored as an omission. After an incorrect response, that trial type was repeated until the correct port was selected. This assisted with acquisition and prevented side bias. Otherwise, trials were presented in random order. The number of trials completed during a 45-min session (approximately 180) varied depending on response rate.

Once rats achieved 70% correct trials in a session, they progressed to the full visual attention task. This task was similar to the training, except cue duration was reduced, and incorrect trials did not force repetition of the same trial type. There were four trial types: 100, 50, or 25 ms cue, and non-cued trials. The trials were presented in random order, with 50% cued and 50% non-cued. Attentional accuracy was assessed as the percentage of correct responses across all cued trials. Once an animal reached criterion (70% correct at 100 ms cue trials only, across 2 days), it was assigned to the saline or nicotine group. Injections were made 5 min before sessions 1 through 5, and once more before session 15.

Data Analysis
-------------

Electrophysiology data were analyzed using custom MATLAB scripts (Mathworks, USA) similar to that described before ([@bib56]). We focused our analysis on days 1, 3, 5, and the 'late' session. Briefly, LFPs were processed using the Chronux toolbox for MATLAB, [www.chronux.org](http://www.chronux.org) ([@bib34]). To reduce variability in the data, spectral densities were estimated through the multitaper method (frequency pass: 0--140 Hz; sliding time windows: 30 s, 2 s steps; time-bandwidth product: 3; tapers: 5). Using the resulting spectrogram arrays, frequency bins were Z-scored against their baselines. For each recording session (injection day), data from all rats were averaged and plotted as mean spectrograms. Frequency bands were averaged for theta--beta (5--25 Hz), low gamma (40--60 Hz), and high gamma (60--130 Hz) bands and then averaged across rats in 3 min bins. Two-way ANOVAs with time bins as repeated measures and Tukey's *post hoc* tests were used to compare between sessions, either 1st *vs* 5th or 1st *vs* late. One-way ANOVAs were used for within-session analyses.

For locomotion data, movement timestamps were tracked every 3 min and presented as mean±SEM movement counts. Similar to LFP analysis, statistical comparisons were made between (two-way ANOVA) and within (one-way ANOVA) sessions.

For single unit analysis, spike count histograms (1 min bins) were Z-scored against their baselines and visualized as heat plots, providing overviews of mPFC single-unit activity. The results are shown only for sessions 1, 3, and 5, as the post-washout session yielded a low number of units. *T*-test was used for comparison between the baseline and post-nicotine period. Single units were then categorized according to the post-nicotine activity: increased, decreased or unchanged. A *χ*^2^ test was used to evaluate if the proportions of these categories changed throughout sessions. Time binning was then converted to 3 min, and two-way repeated measures ANOVAs and Tukey's *post-hoc* tests were used to compare between sessions. Only 2.5% of units were putative FSIs, as identified by a combination of high baseline firing rate (\>10 Hz) and narrow spike width (\<0.3 ms between valley and peak; ([@bib24])). Units meeting these criteria were removed from the main samples and separately analyzed.

For the visual attention task, the mean accuracy (percentage of correct responses) for nicotine and saline groups were assessed across sessions. We compared accuracy at each cue length using a two-way cue *vs* session ANOVA, and also assessed overall accuracy on cued trials using a two-way drug *vs* session ANOVA. Individual sessions were compared between groups using individual *t*-tests with Bonferroni's correction (*p*⩽0.01). Other behavioral measures assessed and compared between nicotine and saline groups were total omissions, premature responses, perseverative errors, and latency to respond.

Results
=======

mPFC Gamma Oscillations Increase with Repeated Doses of Nicotine
----------------------------------------------------------------

[Figure 2](#fig2){ref-type="fig"} demonstrates that nicotine's effects on low gamma oscillations become more pronounced after multiple treatments ([Figure 2](#fig2){ref-type="fig"}). The first nicotine exposure increased low gamma power significantly relative to baseline (F~(2,36)~=7.51, *p*=0.002). This effect was larger on day 3 (F~(2,33)~=23.90, *p*\<0.001) and on day 5 (F~(2,30)~=12.70, *p*\<0.001; [Figure 2a](#fig2){ref-type="fig"}). There was a significant difference in low gamma across sessions in that gamma power on days 3 and 5 were greater than day 1 (F~(2,33)~=3.38, *p*\<=0.04). There also was a greater potentiation of low gamma power in session 5, as indicated by time *vs* day interaction between sessions 1 and 5 (F~(19,418)~=3.64, *p*\<0.001; [Figure 2b](#fig2){ref-type="fig"}). Finally, within-session comparisons showed that low gamma is enhanced in the post-washout late session (F~(2,24)~=27.33, *p*\<0.001; [Figure 2a and b](#fig2){ref-type="fig"}) and that nicotine affects low gamma power more robustly in the late session compared with day 1 (F~(1,380)~=7.54, *p*=0.01; [Figure 2b](#fig2){ref-type="fig"}).

Potentiation of high gamma by nicotine emerged after session 1 (session 1: *p*=0.1; 3 and 5: *p*\<0.02) and was most strongly modulated on the post-washout late session (late session *vs* day 1: F~(1,380)~=8.98, *p*=0.007; [Figure 2b](#fig2){ref-type="fig"}). Nicotine also influenced lower (theta--beta) oscillations, but in contrast to the plasticity observed in gamma frequencies, this effect remained constant after repeated treatment (Fs\>3.60, ps\<0.04; [Figure 2a and b](#fig2){ref-type="fig"}).

Repeated Nicotine Produces Locomotor Sensitization in Correlation with Increased Gamma Power
--------------------------------------------------------------------------------------------

Locomotor behavior in response to nicotine was sensitized during electrophysiological recordings. Nicotine did not affect locomotion on days 1 or 3 (ps\>0.38) but did so on day 5 (compared with baseline F~(2,30)~=3.77, *p*=0.03; compared with day 1, F~(1,399)~=3.92, *p*=0.06; [Figure 2c](#fig2){ref-type="fig"}). A significant increase in locomotion was also observed in the late session (compared with baseline, F~(2,27)~=5.89, *p*=0.008; compared with day 1, F~(1,380)~=13.63, *p*=0.001; [Figure 2c](#fig2){ref-type="fig"}). We also observed a significant positive correlation between locomotion and low gamma power on day 3 (*R*=0.815, *p*=0.002), and between locomotion and high gamma power on day 5 (*R*=0.84, *p*=0.002; [Figure 2d](#fig2){ref-type="fig"}), suggesting a link between gamma oscillations and development of nicotine-induced locomotor sensitization ([Table 1](#tbl1){ref-type="table"}).

Daily Nicotine Induced Changes in mPFC Single Unit Activity
-----------------------------------------------------------

Nicotine changed spontaneous activity of mPFC units with a mixed pattern of activation and inhibition ([Figure 3a](#fig3){ref-type="fig"}). On day 1, the majority of units were inhibited, whereas on days 3 and 5, more units were excited with no cumulative inhibition or excitation ([Figure 3b](#fig3){ref-type="fig"}). [Table 2](#tbl2){ref-type="table"} shows the proportions of units exhibiting each response pattern (*χ*^2^=10.311; *p*=0.03), suggesting that nicotine's effects shift from net inhibition to an inhibition/excitation balance across daily treatments. Population activity of mPFC single units was significantly different between days 1 and 3 (effect of sessions: F~(1,2508)~=4.62, *p*=0.03), but not between 1 and 5, suggesting that a net excitation was confined to day 3 ([Figure 3c](#fig3){ref-type="fig"}). Analyses of the absolute population activity (disregarding the direction of changes from baseline) show that nicotine modulation of population activity was consistent across sessions, although at a slightly higher latency from nicotine injection on day 5 (day 1 *vs* 3 effect of session time: F~(19,2508)~=7.63, *p*\<0.001; day 1 *vs* 5 effect of session time: F~(19,2451)~=3.55, *p*\<0.001; day 1 *vs* 5 interaction: F~(19,2451)~=1.99, *p*=0.007). We could only record from 17 units at the late session and thus could not perform reliable statistical analyses with that data set.

A small sample of units (*n*=5) were identified as putative FSIs ([Figure 3d](#fig3){ref-type="fig"}). While this subgroup is not large enough to justify conclusions, it is noteworthy that FSIs were excited by nicotine exposure (one-way repeated measures ANOVA: F~(39,156)~=2.45, *p*\<0.001).

Daily Nicotine Improved Visual Attention on the Same Timescale as Low Gamma Modulation
--------------------------------------------------------------------------------------

For this experiment, nicotine dosing regimen was equivalent to the electrophysiology experiment ([Figure 1](#fig1){ref-type="fig"}). There was no difference in baseline attentional accuracy between nicotine and saline groups (t~(1,15)~=0.85, *p*=0.4). As expected, we observed an effect of cue length on attention (F~(2,30)~=19.94, *p*\<0.001), indicating that rats were more accurate on trials with longer cues. Nicotine did not affect attention during long cue trials across treatment days (F~(1,15)~=0.892, *p*=0.360), but improved attention during the more difficult mid- and short-length cues (mid: F~(1,15)~=5.234, *p*=0.04; short: F~(1,15)~=5.495, *p*=0.03). Nicotine did not significantly improve performance on non-cued trials, although there was a trend toward improvement (F~(1,15)~=2.15, *p*=0.16). When all cue lengths were merged, nicotine increased accuracy compared with saline (F~(1,15)~=6.70, *p*=0.02; [Figure 4a](#fig4){ref-type="fig"}). In addition, there was a significant drug *vs* session interaction (F~(4,60)~=4.5, *p*=0.003). There was no nicotine effect on day 1 (*t*~(15)~=0.74, *p*=0.5), near significant attentional enhancement by nicotine on days 2--3 (d2: *t*~(15)~=2.39, *p*=0.03; d3: *t*~(15)~=1.99, *p*=0.06), and significant increases in accuracy on days 4--5 (d4: *t*~(15)~=3.09, *p*=0.007; d5: *t* ~(15)~=2.93, *p*=0.01). Thus, nicotine did not influence attention upon first exposure, but subsequent daily treatments improved attention. We repeated this test after the 9-day nicotine washout, and found a near significant difference between groups (*t*~(15)~=2.023, *P*=0.06; [Figure 4a](#fig4){ref-type="fig"}). Thus, post-washout nicotine improved attention similarly to days 2--3. Importantly, the improved attention throughout nicotine exposure (F~(4,28)~=4.14, *p*=0.009) followed a similar session-specific pattern to the increase in mPFC low gamma power (F~(2,20)~=3.51, *p*=0.05; [Figure 4b](#fig4){ref-type="fig"}).

Nicotine did not affect premature responding on any sessions (sessions 1--5: F~(1,15)~=0.09, *p*=0.767; late session: *t* ~(15)~=1.55, *p*=0.14), nor did nicotine affect perseverative errors on sessions 1--5 (F~(1,15)~=0.02, *p*=0.88) or the late session (*t*~(15)~=1.05, *p*=0.31). In addition, there were no differences in latency to perform a response across the five sessions (F~(1,15)~=0.31, *p*=0.6) or during the late session (*t* ~(15)~=0.31, *p*=0.8). There also was no effect of nicotine on total omitted trials across all sessions (F~(1,15)~=2.64, *p*=0.13), although the first exposure increased omissions (*t* ~(15)~=2.86, *p*=0.01). In general, effects of nicotine on cognition were specific to attention.

Discussion
==========

Daily nicotine exposure led to strengthening of gamma LFP oscillations in mPFC in correlation with behavioral sensitization. This pattern of plasticity was specific to the gamma band as lower frequency LFP oscillations (theta and beta) were suppressed consistently across daily nicotine treatments. Expression of stronger gamma oscillations persisted after a washout period and was associated with a shift in inhibitory--excitatory balance in single-unit activity. To provide a functional interpretation for these LFP data, visual attention was tested in a different group of subjects during a similar 5-day nicotine regimen. Nicotine improved attention only after multiple daily treatments, mirroring the pattern of gamma modulation. This suggests that an oscillatory plasticity in the gamma range in the mPFC is relevant to the emergence of behavioral sensitization and cognitive enhancement by nicotine.

Relevance to Previous Literature
--------------------------------

Nicotine causes synaptic plasticity in PFC slices ([@bib27]; [@bib30]), increases CREB phosphorylation, and causes an increase in PFC dendritic spines ([@bib6]; [@bib19]). Here, we demonstrate that these alterations manifest in behaving animals as increased PFC gamma power, decreased theta/beta power, and a balanced activation/suppression of neuronal firing rate. More importantly, we find that gamma modulation is exquisitely sensitive to repeated exposure to nicotine and may, therefore, be a mode of plasticity associated with nicotine.

In a separate cohort of animals, we observed that the same pattern of nicotine injection that led to the emergence of a stronger gamma also improved accuracy during a visual attention task. This is consistent with previous studies showing that extended exposure to nicotine and nicotinic agonists enhances attention ([@bib1]; [@bib28]; [@bib32]). In particular, [@bib38]) and [@bib45]) observed that multiple days of repeated nicotine exposure were necessary to improve attention in rats.

The area of the mPFC we targeted here is often designated as the prelimbic PFC (PL). This region demonstrates sustained firing during visual attention ([@bib49]). In addition, synchrony between the PL and anterior cingulate cortex (ACC), the brain region classically associated with attention, predicts attentional performance ([@bib48]). It is proposed that PL is involved with linking cues with specific responses during attention, whereas ACC links cues with outcomes ([@bib46]; [@bib49]). Future studies assessing the functional interaction between PL and ACC during nicotine exposure and attention could shed further light on how nicotine modulates attention.

Interpretation of Changes in Single Unit Activity
-------------------------------------------------

We observed a heterogeneous population response after nicotine treatment. This was expected given that other psychoactive drugs, despite targeting specific receptors, also produce mixed responses in the PFC ([@bib56]). Despite this variability, there was a net inhibition following the first nicotine administration, which shifted toward a balance of inhibition and excitation across all subsequent sessions. The first exposure to nicotine is typically aversive in adult rats ([@bib55]). The overall mPFC inhibition observed on day 1 may be related to this aversion, as an anxiogenic state has been associated with mPFC inhibition ([@bib37]). Accordingly, in the attentional task, rats omitted a greater number of trials on day 1 of nicotine, which also may be a result of increased anxiety. With ongoing nicotine exposure, tolerance for nicotine aversion is increased ([@bib16]), which may be reflected by the shift toward excitatory--inhibitory balance. Repeated nicotine exposure has been shown to cause an upregulation in *β*2-containing nicotinic receptors in mPFC, primarily located on pyramidal neurons ([@bib40]). This increase in excitatory input may underlie the shift from inhibition to a more balanced pattern of ensemble activity. Future studies will be required to evaluate this or other mechanisms.

Relevance of Gamma Oscillations to Cognition
--------------------------------------------

Several cognitive functions, including attention and working memory, are associated with enhanced gamma oscillations ([@bib18]; [@bib22]; [@bib29]). The role of gamma in cognition may result from regulation of millisecond-range synchrony between neuronal ensembles, dynamically establishing information channels between brain structures ([@bib3]; [@bib4]). In support of this hypothesis, gamma oscillations in primate PFC and visual cortex are coupled during visual attention, suggesting that PFC gamma entrains sensory regions to attend to appropriate stimuli ([@bib21]). Our data support this connection between gamma oscillations and cognitive performance, as nicotine-induced physiological and behavioral changes followed the same timeline.

Several recent studies have revealed a causal relationship between PFC gamma, top-down cognition, and GABAergic FSI; namely, stimulating FSI enhances visual attention ([@bib26]), whereas inhibiting FSI suppresses gamma and impairs cognitive flexibility ([@bib10]). GABA neurons in the PFC express nicotinic receptors ([@bib2]), receive cholinergic innervations ([@bib23]), and entrain pyramidal neuron firing into gamma frequencies ([@bib47]). Thus, nicotinic receptors are ideally situated to regulate PFC gamma oscillations. We observed that daily nicotine exposure modulates mPFC gamma power, although this control over gamma required multiple treatments to manifest. This indicates that priming of nicotinic receptor subtypes (eg, long-term dynamics of receptor desensitization or upregulation due to daily nicotine) may be necessary before gamma oscillations can be affected. Importantly, attentional performance also was enhanced after a comparable amount of exposure. This parallel pattern of modulation suggests that increased gamma power must reach a threshold for nicotine to improve attention.

Nicotinic Receptors as a Target for Cognitive Enhancement in Psychopathology
----------------------------------------------------------------------------

The cognitive enhancing effects of nicotine have been well established. Nicotine improves attention, working memory, and memory consolidation in both animals and humans ([@bib28]; [@bib44]; [@bib45]; [@bib54]). Many of these cognitive functions are also impaired in schizophrenia, and this impairment is notoriously difficult to treat with antipsychotic medication ([@bib20]; [@bib25]; [@bib35]). Some patients have reported that nicotine improves their cognitive abilities, and smoking is highly comorbid with schizophrenia, suggesting that it may be a method of 'self-medication' ([@bib11]). Furthermore, decreased nicotinic receptor activity has been observed in PFC of patients when compared with controls ([@bib5]). Collectively, these data suggest that reduced nicotinic receptor activity may contribute to cognitive deficits of schizophrenia ([@bib36]). This has facilitated development of nicotinic receptor agonists as a treatment for schizophrenia, particularly targeting the alpha-7 receptor ([@bib35]). Unfortunately, the outcomes of these treatments in normalizing pathological cognition have been mixed. The experimental alpha-7 partial agonist encenicline showed efficacy as a cognitive enhancer in schizophrenics in Phase 2 trials, but Phase 3 trials have been less successful ([@bib43]). Our data suggest that (1) PFC gamma oscillations and improvements in attention arise in parallel and (2) these effects are strengthened after multiple treatments of a consistent dose of nicotine. Therefore, the effectiveness of nicotinic drugs may be related to maintaining a specific regimen and dose of administration. Further studies can be used to determine the specific threshold dose and schedule required to enhance gamma power and attention. It may be necessary to titrate the dose and schedule of a drug on a case-by-case basis to modulate cortical gamma oscillations, which can be measured non-invasively in humans using EEG or MEG. Disruption of cognition in schizophrenia is characterized by abnormal production and synchronization of gamma rhythms in PFC ([@bib47]; [@bib50]); measuring how nicotine increases or normalizes aberrant gamma may be an effective method of assessing treatment potential in individualized medicine.

Nicotine Withdrawal Increases Nicotine Control Over High Gamma Oscillations
---------------------------------------------------------------------------

Behavior and neuronal activity in response to nicotine was also measured after an extended withdrawal period. Previous studies have shown that withdrawal enhances the behavioral and synaptic response to drugs of abuse, a phenomenon known as sensitization ([@bib41]; [@bib52]). Sensitization is associated with drug craving, increasing the risk of relapse ([@bib42]). Here, we observed that post-withdrawal nicotine increases both low and high gamma oscillations in mPFC, with a much greater effect on high gamma than during the initial nicotine regimen. Because increased high gamma power in mPFC was most evident after withdrawal, this oscillatory profile may serve as a biomarker of nicotine sensitivity and vulnerability to addiction. The dissociation between low and high gamma revealed by the washout period could also be hypothesized to influence attention, as differential involvements of these two bands in cognition have been reported ([@bib7]; [@bib9]; [@bib51]). However, attention performance showed no clear distinctions between the post-washout session and the second half of the daily dosing period. Thus, observing low and high gamma may be an effective way of distinguishing nicotine's cognitive enhancing effects from its addiction-relevant rewarding effects.

Conclusion
==========

We show that daily exposure to nicotine enhances its effect on gamma oscillatory activity and its procognitive properties. In the context of the clinical use of nicotine and related agonists for treating cognitive deficits, we propose that (1) repeat dosing may be critical for clinical efficacy and (2) oscillatory plasticity in the gamma range may provide a biomarker for assessing this efficacy.
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![Experimental design and electrode placement. (a) General aspects of experimental design. (b) Histologically confirmed placements of microelectrode bundles in the medial prefrontal cortex (mPFC) (left) and Nissl-stained sections from two representative rats (right). (c) Timeline of individual electrophysiological sessions (top) and daily 0.2 mg/kg dose nicotine regimen (bottom). Recording during nicotine exposure was performed for five consecutive days, followed by a nicotine-free period and a post-withdrawal session (designated as 'late'). (d) Schematics of the visual attention experiment, adapted from a previous work ([@bib33]). In brief, in 50% of trials, a centrally located cue light would illuminate (25, 50 or 100 ms). Then, after 1 s, both response ports were lit. A response on the left side was correct for this trial type, and was reinforced with a pellet. In the other 50% of trials, the cue was not illuminated prior to the ports being lit, and a response on the right side was reinforced. The test phase of such experiment was performed under the same nicotine regimen shown in the lower portion of panel (c). Each experiment employed a separate cohort of rats.](npp201715f1){#fig1}

![Nicotine potentiated medial prefrontal cortex (mPFC) gamma oscillations and locomotion upon daily exposures. (a) mPFC oscillatory activity throughout nicotine sessions. Each image is the average of *Z*-scored spectrograms from individual rats (color bar: Z-scored power). (b) From top to bottom, the graphs compare high-gamma, low-gamma, and theta--beta oscillations, either between days 1 and 5 (left) or between day 1 and the late session (right). Shaded curves represent ±SEM, and Tukey's significant effects between days are indicated above each panel (comparing 3 min bins). (c) Comparison of movement counts either between days 1 and 5 (top) or day 1 and the late session (bottom). (d) Scatter plots correlating averaged data from the first 15 min after nicotine administration. Top: movement count *vs* low gamma power in the third session. Bottom: movement count *vs* high gamma power in the fifth session. Each point represents a rat. Pearson's *R* statistics showing significant correlations are also displayed.](npp201715f2){#fig2}

![Nicotine altered medial prefrontal cortex (mPFC) unit activity upon daily exposures. (a) Overview of mPFC unit activity throughout nicotine sessions. The rows in each image display unit firing rates (*Z*-scores; 1 min bins) from multiple rats. Units were sorted according to mean post-nicotine *Z*-scores. (b) Proportions of units that were excited (red), inhibited (blue) or unaffected (green) by nicotine exposure, according to *t*-test comparisons between baseline and post-drug firing rates. A greater proportion of units was inhibited on the first session compared with subsequent sessions, as confirmed by a *χ*^2^ test. (c) Top and bottom panels compare population activities and their absolute values, respectively, either between days 1 and 3 (left) or between days 1 and 5 (right). Shaded curves represent ±SEM, and Tukey's significant effects are indicated (3 min bins). (d) The scatterplot on the left contains all mPFC units from all sessions (*n*=200), distributed according to baseline firing rates and spike widths (time between action potential valley and hyperpolarization peak). The red rectangle represents the criterion to identify putative fast-spiking interneuron (FSI) from the mPFC (\>10 Hz firing rate, \<0.3 ms spike width ([@bib24]); *n*=5). Right panel shows the activity of these units, which were excluded from the analyses described in panels (a--c). Nicotine increased the activity of putative FSI, according to one-way ANOVA (asterisk).](npp201715f3){#fig3}

![Nicotine improved visual attention upon daily exposures, similar to the electrophysiological alterations. (a) Visual attention accuracy throughout the daily regimen of 0.2 mg/kg nicotine, as measured by the percentage of correct cued responses. Asterisks indicate *t*-test significant nicotine *vs* saline differences. (b) Data from the nicotine-exposed rats highlighting that the visual attention improvement (left) paralleled the low gamma potentiation (right), also shown in [Figure 2](#fig2){ref-type="fig"}. \# indicates within-session effects.](npp201715f4){#fig4}

###### Correlation Analyses Between Locomotion and Oscillation Power

                **Movement count**                                                                    
  ------------- -------------------- ------- ----------- ----------- ----------- ----------- -------- -------
  High gamma    −0.421               0.173   0.350       0.291       **0.843**   **0.002**   −0.048   0.909
  Low gamma     −0.375               0.230   **0.815**   **0.002**   0.563       0.090       −0.296   0.477
  Theta--beta   0.009                0.979   0.256       0.447       −0.278      0.437       0.666    0.071

Significant correlations are in bold. Data were averaged from the initial 15 min after nicotine.

###### Proportion of Single Unit Categories and their Baseline Firing Rates (Hz)

              **Day 1 (*n*=70)**   **Day 3** ***(n*=64)**   **Day 5 (*n*=61)**                       
  ----------- -------------------- ------------------------ -------------------- ----------- ------- -----------
  Excited     24.29                2.16±0.38                32.81                2.80±0.45   29.51   2.47±0.36
  Unchanged   18.57                2.48±0.73                34.38                2.78±0.40   34.43   2.10±0.29
  Inhibited   57.14                2.69±0.50                32.81                2.39±0.53   36.06   2.39±0.34

Basal firing rates listed as mean±SEM. The number of units (*n*) isolated from 15 rats is depicted for each day.
